Introduction
Macrophage phagocytosis of apparently intact neutrophils has been described at inflamed sites since the time of Metchnikoff (1) , although the changes in the neutrophil responsible for recognition as nonself have remained obscure until recently (2, 3) . Human monocyte-derived macrophages (M/),' during the process ofmaturation from monocytes in vitro, gain the capacity to recognize and ingest human neutrophils that have been aged in culture for 24 h after purification from the blood of normal donors (2) . The phagocytic nature of the interaction was proven by electron microscopy with postfixation incubation with cationized ferritin; phagosomes containing aged neutrophils did not admit ferritin (2) . Freshly isolated neutrophils were not ingested, but needed to undergo a time-dependent aging process before recognition and phagocytosis by macrophages occurred. Subsequently, it was shown that neutrophils isolated from normal blood or inflamed sites undergo morphological and biochemical changes typical of programmed cell death or apoptosis during aging in vitro (3) (4) (5) , and that this process was directly related to recognition of the aging cell by Mo. Furthermore, there was evidence that neutrophil apoptosis leading to recognition of the intact cell by macrophages occurred at inflamed sites in vivo, representing a mechanism for disposal of neutrophils that may serve to limit the degree of tissue injury (3) .
However, the cell surface interactions involved in Mo recognition of aged neutrophils have not been examined hitherto, and are the subject of this study. Macrophage receptors for opsonins (Ig Fc and the complement fragments C3b and iC3b) and for advanced glycosylation end products of proteins (AGE) have been implicated in Mo recognition of the senescent erythrocyte (6) (7) (8) (9) (10) . A possible role for these mechanisms in aged neutrophil recognition was sought in this study, although an opsonic mechanism appears unlikely to account for Mo recognition of aged neutrophils since, by contrast with senescent erythrocyte recognition, serum is not required (2) , but it remains possible that cytophilic antibody persisting in culture, or Mo-derived complement fragments could mediate phagocytosis by such a mechanism. Furthermore, the time course of glycosylation of cell-surface proteins (9, 10) would appear to be too slow to account for the recognition of neutrophils that have been aged for 24 h or less. However, since it has been proposed that the binding of apoptotic mouse thymocytes by isologous Mo occurs by a sugar-lectin mechanism involving a macrophage lectin inhibitable by monosaccharides such as N-acetylglucosamine (1 1), these studies also sought a role for such a mechanism in MO recognition of aged neutrophils, which undergo apoptosis (3) .
In the present study evidence was obtained that neither MO receptors for opsonins (Fc, C3b, and iC3b), nor those for AGE, participated in the recognition of aged neutrophils, and no evidence in support of a role for an N-acetylglucosamine-specific lectin was found. Indeed, inhibitors of a number of other Mo receptors with properties that suggested they might have played a role in recognition of aged neutrophils failed to influence the interaction. However, recognition was inhibited by cationic monosaccharides and amino acids in a pH-and charge-dependent fashion, and was directly modulated by pH, suggesting that the MO recognition of aged neutrophils occurs by a novel charge-sensitive mechanism.
Methods
Materials. All chemicals were obtained from Sigma Chemical Co., St. Louis, MO, unless otherwise indicated; culture media were from Gibco Laboratories, Grand Island, NY; and sterile tissue culture plasticware was purchased from Falcon Plastics, Cockeysville, MD. Cells. Neutrophils (> 98% pure) were isolated from fresh, citrated normal human blood by dextran sedimentation and plasma-Percoll (Pharmacia Fine Chemicals, Piscataway, NJ) density gradient centrifugation and aged in culture for 24 h at 370C as previously described (3, 12) . In some experiments inflammatory neutrophils were purified from rheumatoid synovial fluid as described (3) . Human M) were prepared by standard methods from adherent PBMC by culture for 7 d in 24-well plates as described (3) . Opsonized ox erythrocytes (EIgG) were prepared by standard methods using polyclonal rabbit anti-ox erythrocyte IgG (a gift of Dr. Grennan). Ox red cells were washed three times in PBS, incubated at room temperature for 30 min with antibody at -10 Ag ml, and then washed three more times before resuspension in the appropriate medium (see below).
Interaction assay. This phagocytic assay, based on that used in earlier work (2), was as previously described (3) . Briefly, aged neutrophils were washed in HBSS and then suspended in HBSS at 5 X 106/ml. 1 ml of suspension was then added to each washed well of mature Mi and interaction allowed to occur at 370C/5% CO2 and pH 7.4 for 30 min, during which the neutrophils settled into a carpet in close relation to the MO monolayer. The interaction was terminated by vigorous washing ofthe wells with cold (40C) 0.9% saline, and M4 were fixed in 2% glutaraldehyde in PBS. MO interacting with aged neutrophils were identified by staining for myeloperoxidase (MPO) using hydrogen peroxide and dimethoxybenzidine (o-dianisidine HCl) as a substrate (see references 2 and 13 for details). After 7 d maturation the M4 themselves were 100% MPO negative. Aged neutrophils were 100% MPO positive. The magnitude of the interaction was quantified by inspection of five randomly selected microscope fields in each well so that at least 500 MO were examined. Macrophages were scored as positive if they contained one or more masses of MPO-positive material which usually had the appearance of intact neutrophils. The vigorous washing used dislodged neutrophils that had not been ingested (Fig. 4 A and B) but the occasional aged neutrophil appeared to project beyond the outline of the M+. The earlier ultrastructural studies (2) suggested that even these had been engulfed by the macrophages (presumably they may be surrounded by a thin cytoplasmic covering not visible by light microscopy) and that the neutrophils were rapidly ingested and did not remain in an attached state. However, to minimize any potential overestimate of phagocytosis, neutrophils that appeared to project by more than half their diameter beyond the outline of the macrophage were not counted. Results were recorded for each well as the percentage of M4 ingesting aged PMN. Previous work (2, 3) has shown that this simple assay correlates well with assessment of interaction by radiolabeling neutrophils and measuring radioactivity in the wells after interaction.
Mk uptake of opsonized erythrocytes was assayed by similar methods, 1 ml of a suspension at 5 X 106/ml in HBSS being added to each well before an identical incubation. After washing with cold (40C) 0.9% saline, noningested EIgG were removed by lysis with cold 0.2% saline, followed by an equal volume of 1.6% saline before washing, fixing, staining for peroxidative activity, and quantitation of the interaction by the 
Results
Recognition of aged neutrophils by macrophages. In a large number of experiments the proportion of the MO recognizing aged neutrophils under standard conditions was 46.1+2.3% (mean±SEM, n = 159), but this varied from experiment to experiment, with a range of 13-86%. However, in each experiment between two and five replicates were included, and when the proportion of MO recognizing aged neutrophils in a given experiment was expressed as a percentage of the mean of the replicates in that experiment, 95% of observations fell within 9.6% ofthe mean ( Fig. 1) . Therefore, although there was variation in recognition of aged neutrophils between experiments, the assay of recognition was highly reproducible within an individual experiment, and inhibitory effects on recognition were compared between experiments by expressing recognition within each experiment as percent of the mean of control wells (i.e., wells on the same plate of M4 in which recognition was assayed under standard, control conditions). The percentage of macrophages recognizing aged PMN in each series of experiments is given as mean±SE in the legend of each figure or (9, 10) , but when these molecules were included in interactions at 1 mg/ml, a concentration well in excess of that required to inhibit the AGE receptor (9, 10), fucoidin had no effect (Fig. 2) Inhibition by amino sugars but not by N-acetylglucosamine. When a range ofmonosaccharides were included in the interaction medium at 10 mM, buffered to pH 7.4, it was observed that the amino sugars glucosamine, galactosamine, and mannosamine inhibited MO uptake of aged neutrophils (Figs. 3 and 4) . The lack of effect on phagocytosis of ox erythrocytes opsonized with rabbit IgG (EIgG) provided evidence against inhibition being due to a nonspecific toxic effect of amino sugars on the Mo. Furthermore, these observations did not appear to be due to some toxic effect of amino sugars on the neutrophils, since there was no change in the percentage of neutrophils excluding trypan blue when aged neutrophils were incubated with amino sugars under conditions identical to those resulting in inhibition of recognition (Fig. 3) . The effect of amino sugars on aged neutrophil recognition was concentration related (Fig. 5 ; data for glucosamine shown). Despite variation in the proportion of macrophages recognizing aged neutrophils under control conditions, as reported above, the M6 ingesting PMN (as % of control, n=10) , none of the sugars tested, other than the amino sugars, induced inhibition (data not shown). In particular, no effect was observed with N-acetylglucosamine, N-acetylgalactosamine, or galactose, the sugars reported to inhibit the binding of apoptotic mouse thymocytes to isologous MO (11) , even when these sugars were preincubated with MO at 10 and 50 mM for 30 min at 40C (data not shown), a maneuver that had inhibited apoptotic thymocyte binding (1 1).
When MO or aged neutrophils (at 5 X 106/ml) were preincubated with 10 mM monosaccharides for 30 min at 40C, washed, and then interacted under standard conditions, it was found that preincubation of aged neutrophils (but not MO) with amino sugars (but not glucose) inhibited subsequent recognition (Fig. 6 ). Thus inhibition of MO recognition of aged neutrophils by sugars appeared to be specific, concentration related, and related in large part to an effect at the neutrophil surface.
Inhibition by cationic amino acids. It was noted that neither the parent sugars nor the N-acetylated derivatives of the amino sugars inhibited recognition of aged neutrophils by MO (Fig. 3) . A salient difference between these sugars and the relevant amino sugar is that the free amino group allows the amino sugars to act as weak bases, such that at pH 7.4 the majority of glucosamine molecules, for example, are cationically charged. Thus it appeared possible that the inhibitory effect of amino sugars might relate to their charge, and to investigate this possibility further amino acids of neutral, anionic, and cationic charge were included in the interaction medium at 10 mM buffered to pH 7.4. The neutrally charged D-glutamine and L-glutamine had no effect, nor did the anionic L-glutamic acid, but L-lysine and L-arginine, which have cationically charged R groups at pH 7.4, inhibited MO recognition of aged neutrophils but not EIgG (Fig. 7) .
Effect ofpH on MO recognition ofaged neutrophils. Since the inhibitory effect of amino sugars and basic amino acids may depend on their capacity to bear protons, the effect of hydrogen ion concentration itself on macrophage recognition of aged neutrophils was investigated. Within the range pH 6.5-8.5 there was no effect on the ability ofaged neutrophils to exclude trypan blue nor on MO recognition of EIgG (Fig. 5) , although out of this range these parameters were adversely affected (data not shown). By contrast, MO recognition of aged neutrophils was significantly modulated by pH; at pH 6.5 recognition was inhibited, while at pH 8.5 it was enhanced relative to pH 7.5 ( Fig. 8) .
Dependency ofamino sugar and amino acid inhibition on charge. It was possible to investigate whether the inhibitory effect of a given amino sugar or amino acid depended on bearing a cationic charge, as suggested by the preceding data, by varying the pH at which the interaction was performed and calculating the proportion of molecules bearing protons from the pK and the Henderson-Hasselbach equation (17) . The degree of inhibition observed with 10 mM glucosamine relative to control at the same pH was correlated with this proportion (Fig. 9) . The reduction of inhibitory effect at pH 8.5 appeared not to be related to the pH itself, since 10 mM L-lysine inhibited at pH 8.5 where this molecule is still predominantly cationic (Fig. 9) . Indeed, lOmM histidine, which is predominantly neutral at pH 7.5 but 33% cationic at pH 6.5, only exerted an inhibitory effect on My recognition of aged neutrophils at the pH at which it bore a cationic charge (Fig. 9) . Thus, at least for glucosamine and histidine, the inhibitory effect of the molecule on macrophage recognition was directly related to the cationic charge on the molecule, be it amino sugar or amino acid. It did not appear likely that the lack of abrogation ofthe inhibitory effect of L-lysine at pH 8.5 reflected inhibition by a mechanism different from glucosamine since, just as had been shown for glucosamine, preincubation of aged neutrophils for 30 min at 40C and pH 7.5 with 10 mM L-lysine, followed by washing, inhibited subsequent recognition ofthese cells (to 59.5±2.1%C, n = 6). Preincubation with MO had no effect.
Relationship ofaged neutrophil recognition mechanism to known macrophage receptors. There were grounds to examine the effects on the interaction of inhibitors of a number of well-characterized macrophage receptors (in addition to those for Fc, iC3b, C3b, and AGE). First, receptors expressed by mature macrophages and known to have negatively charged ligands (i.e., the mannose-6-phosphate, sheep erythrocyte, and scavenger receptors) were examined since the polyanion heparin had inhibited the interaction. No effect was seen with concentrations of inhibitors such as mannose-6-phosphate accepted as suprainhibitory by previous investigators (see Table  II for data and references). Second, human Mi receptors with sugar specificities similar to that of the lectin-like structure proposed to mediate binding of isologous apoptotic thymocytes (1 1; inhibited by N-acetylglucosamine, N-acetylgalactosamine, and galactose) were examined. Inhibitors of the mannosyl-fucosyl receptor (which may recognize residues bearing N-acetylglucosamine; 18) and asialoglycoprotein/galactosyl receptor had no effect on M4 recognition of aged neutrophils (Table II) Macrophage recognition of human inflammatory neutrophils. The preceding data refer to neutrophils that had been isolated from the blood of healthy donors. Previous work showed that viable inflammatory neutrophils from the synovial fluid of patients with rheumatoid arthritis also became recognizable to MO in a time-dependent fashion (3). In common with aged neutrophils prepared from the circulating pool of normal donors, recognition of aged joint-derived neutrophils could also be inhibited in this study by 10 mM glucosamine (to 37.1±2.4% of control, n = 9) and 10 mM L-lysine (47.6±6.3 of control, n = 9), but not by the control sugars, glucose (99.6±2.5%, n = 9), and N-acetylglucosamine (96.6±1.4%, n = 9), or the control amino acid, glutamine (96.0±2.3%, n = 9), in the same experiments.
Discussion
In this study we report that phagocytosis of aging neutrophils in vitro by MO may be specifically modulated by charged molecules and pH, but not by inhibitors of MO receptors for opsonic complement fragments, FcR, or advanced glycosylation end products of proteins, three classes of receptor for which direct evidence exists to indicate a role in MO recognition of senescent erythrocytes (6) (7) (8) (9) (10) . Furthermore, although aging neutrophils undergo changes typical of programmed cell death or apoptosis (3) (4) (5) , no evidence was found in support of a role in aged neutrophil phagocytosis for the cell surface sugar-lectin interaction proposed for MO binding of apoptotic thymocytes (1 1). MO phagocytosis of apparently intact neutrophils at inflamed sites has been described since the time of Metchnikoff (1, (19) (20) (21) (22) (23) (24) , and seems likely to represent an important neutrophil disposal mechanism (3, 23, 24) with the potential to limit inflammatory tissue injury by removing neutrophils without the inevitable release of contents with demonstrated histotoxic properties (25, 26) . Failure of the recognition and uptake process may represent an event favoring persistence of inflammation and progression rather than resolution of tissue injury. Our data suggest that this cellular interaction depends upon a novel charge-sensitive recognition mechanism with properties that imply that the extracellular microenvironment of the inflamed site may influence removal of intact senescent neutrophils.
Macrophage phagocytosis of senescent erythrocytes, although enucleate, might have served as a model for the recog- aged neutrophils, particularly as inhibitors of human MO lectin-like receptors with similar sugar specificities (the mannosyl-fucosyl and asialoglycoprotein/galactosyl receptors) had no effect on the interaction. Indeed, the apparent localization of the inhibitory effect of amino sugars to the neutrophil surface and inhibition by amino acids are not consistent with the generally accepted concepts of a lectin-like molecule (27) . In this study it was observed that amino sugars and basic amino acids inhibited MO recognition of aged neutrophils but not of opsonized erythrocytes, indicating that this effect was not due to a nonspecific impairment of Mq phagocytic capability. Furthermore, the lack of effect of preincubation of these molecules with MO (followed by washing) indicated that inhibition was unlikely to reflect binding to MO receptors for aged neutrophils. However, molecules of both classes inhibited the subsequent recognition of aged neutrophils with which they were preincubated. As preincubations were done at 4°C it appeared likely that the inhibitory effect of both amino sugars and basic amino acids was directly on the aged neutrophil's surface, rather than on the intracellular metabolic processes leading to expression ofaged neutrophil surface structures recognized by Mo. Indeed, the inhibitory effect of molecules of both classes at different pHs indicated that this effect was dependent on bearing a cationic charge in each case, a further indication that amino sugars and basic amino acids were influencing the interaction by similar mechanisms. The possible nature of the inhibitory effect of amino sugars and basic amino acids was suggested by consideration of the other findings of this study. Although the pattern of inhibition of Mo recognition of aged neutrophils was different from that of the AGE-R, inhibition by heparin suggested that Mo receptors for anionic ligands might be involved in the interaction. However, anionic competitive inhibitors of a number of wellcharacterized Mo receptors for anionic ligands (the sheep erythrocyte, mannose-6-phosphate, and scavenger receptors) failed to inhibit the interaction. Nevertheless, the possible importance of anionic charge of aged neutrophil moieties recognized by Mo receptors for these cells was highlighted by the direct effects of pH on the interaction; conditions in which anionic charge on aged neutrophil surface structures might be expected to increase (i.e., raising pH) were associated with potentiation of the interaction. Furthermore, the localization of the inhibitory effect of amino sugars and basic amino acids In these experiments the mean proportion of MO recognizing aged PMN under control conditions was 49.1±4.5%, 95% of observations falling within 9.5% of the mean of control (100%). Glucosamine (10 mM) in the same series of experiments inhibited aged neutrophil recognition to 40 .1±2.2% of control. * See also Fig. 2 .
to the aged neutrophil surface also supports the importance of anionic charge on aged neutrophil surface moieties; the association of cationic molecules with the neutrophil surface would be expected to disturb anionic charges and thus inhibit the interaction if the anionic charge on neutrophil structures involved in the interaction were an important component of the recognition mechanism. Similar effects might account for the inhibitory effects of raised hydrogen ion concentrations. However, because only one ofa number ofanionic molecules tested inhibited the interaction it appeared very unlikely that anionic charge per se represented the sole recognition signal to the MO, in which case inhibition would have been expected with all anionic molecules. Therefore, rather than suggesting that the surface charge density of the whole neutrophil represents the signal to the MO, these data imply that the anionic charge on specific aged neutrophil sites is an important component ofthe recognition mechanism.
To conclude, it would appear that MO recognition of aged, apoptotic neutrophils depends on a novel recognition mechanism, different from those proposed for recognition of aged erythrocytes and apoptotic thymocytes, and not involving a number of MO receptors for which there were grounds to suggest a possible role. To understand the inhibitory effects of amino sugars, basic amino acids, and heparin on the interaction, and the basis for modulation by pH, the structures involved in this recognition process need to be defined. Our findings show that the recognition mechanism has properties that may be summarized as "charge sensitive," which have important implications for the fate of the neutrophil at inflamed sites in vivo. Since perturbations of interstitial pH and release of charged molecules into the extracellular environment are well documented in inflammation (26, 28, 29) , our data suggest that these factors could influence the degree to which senescent inflammatory neutrophils are removed in situ by phagocytosis while still intact. It can be speculated that failure of this process, perhaps related to a low tissue fluid pH or a particular mix of charged molecules, might lead to greater release of potentially histotoxic contents from disintegrating neutrophils and therefore to exacerbation and persistence of tissue injury.
